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ABSTRACT: Quasi free standing monolayer graphene (QFMLG) grown on SiC by selective Si evaporation from the Si-rich 
SiC(0001) face and H intercalation displays irregulari-
ties in STM and AFM analysis, appearing as localized 
features, which we previously identified as vacancies 
in the H layer coverage [Y Murata, et al. Nano Res, in 
press, DOI: 10.1007/s12274-017-1697-x]. The size, 
shape, brightness, location, and concentration of these 
features, however, are variable, depending on the hy-
drogenation conditions. In order to shed light on the 
nature of these features, in this work we perform a sys-
tematic Density Functional Theory study on the struc-
tural and electronic properties of QFMLG with defects 
in the H coverage arranged in different configurations 
including up to 13 vacant H atoms, and show that these 
generate localized electronic states with specific elec-
tronic structure. Based on the comparison of simulated 
and measured STM images we are able to associate 
different vacancies of large size (7-13 missing H) to the 
different observed features. The presence of large vacancies is in agreement with the tendency of single H vacancies to aggregate, 
as demonstrated here by DFT results. This gives some hints into the hydrogenation process. Our work unravels the structural diver-
sity of defects of H coverage in QFMLG and provides operative ways to interpret the variety in the STM images. The energy of the 
localized states generated by these vacancies is tunable by means of their size and shape, suggesting applications in nano- and opto-
electronics. 
1. Introduction 
Thermal decomposition of silicon carbide (SiC) is a widely 
used technique to produce supported graphene1. Upon selec-
tive evaporation of Si from the SiC(0001) face, excess carbon 
produces in the first instance a hexagonal carbon layer, called 
buffer layer,2 covalently bound to the substrate, which retains 
a high amount of sp3 hybridized sites. To obtain real fully sp2 
hybridized graphene, Si evaporation can be continued, which 
leads to the formation of a second buffer layer under the first 
one and its subsequent detachment, resulting in a graphene 
monolayer. This system was widely characterized, experimen-
tally,3,4 and theoretically1,5,6,7 revealing interesting electronic 
and structural properties useful for advanced applications8,9. 
Alternatively, the buffer layer can be detached from the SiC 
substrate by H-intercalation between the buffer layer and the 
substrate10, obtaining the so-called Quasi Free Standing Mono-
layer Graphene (QFMLG)11. The morphological properties of 
this system are less well defined, because they depend on the 
environmental conditions during intercalation. Specifically, 
Scanning Tunneling Microscopy (STM) and Spectroscopy 
(STS) studies reveal the presence of features extending over a 
few C sites superimposed on the regular graphene atomic 
structure12. In our previous work13 we showed that these fea-
tures formed in favorable H-intercalation conditions (high 
temperature and pressure) have relatively small and voltage 
dependent contrast (i.e. they appear darker or brighter with 
respect to the flat graphene areas depending on the chosen bias 
voltage). By means of a comparative study based on STM and 
STS experiments and Density Functional Theory (DFT) calcu-
lations, we associated them with defects in the H coverage 
compatible with vacancies with 3 and 4 missing H atoms. 
These two types of vacancies also display different peak ener-
gies in the STS spectra (at +0.9 and +1.2 eV with respect to 
 the Dirac point, respectively). In Ref. [12] it was reported that 
in given conditions these vacancies tend to align and arrange 
at a minimum distance of ~1.8±0.1 nm between each other, 
approximately locating on the 6!6 sites of SiC. 
Though the basic nature of the observed features has been 
demonstrated in Ref. [13], different aspects remain to be clari-
fied. The energetics of formation, surface concentration and 
distribution of vacancies appear dependent on the conditions 
in which QFMLG is formed: besides the two main types of 
vacancies previously described, other features of different 
size, shape and concentration are observed by STM upon sub-
sequent annealing of the sample or intercalation in different 
conditions (unpublished data, reported and described hereaf-
ter), whose electronic properties were not explored. These cir-
cumstances call for a systematic study of the structural and 
electronic properties of H coverage vacancies of different size, 
shape and location. To our knowledge, only a couple of DFT 
studies were performed on QFMLG with full H coverage14,15, 
therefore with no indication about the H vacancies behavior. 
Besides our previous work13, a DFT study about dangling 
bonds interacting with graphene was performed only on a dif-
ferent system – i.e. graphene on the C-face of SiC16. 
In this work, we perform a DFT study of QFMLG with differ-
ent types of H coverage defects, sizing from 1 to 13 missing 
atoms, arranged in different geometries. Structural, energetic 
and electronic properties are evaluated and discussed in light 
of the available STM data from Ref. [13] and of some new da-
ta reported here for the first time.  
2. Materials, Methods and Models 
2.1 Theoretical models and methods 
The simulation supercells and QFMLG model systems 
A supercell compatible with the symmetry and the lattice pa-
rameter of graphene is the 13!13 of graphene superimposed 
on the 6"3!6"3 R30 of SiC. This was previously used for 
DFT studies and is considered the “standard” supercell for 
SiC5 supported graphene. Indeed, this model system is shown 
to well reproduce the rippling and other structural characteris-
tics of the graphene buffer and monolayer. It is reported in Fig 
1a, left part (exact lattice parameters and other details included 
in the Fig) and called hereafter the L (large) model system.  
A simpler model can however be build, which retains the main 
observed characteristics, based on rotated supercells of SiC 
and graphene, namely the 7!7 R21.787 graphene on "31!"31 
R8.95 of SiC, represented in Fig 1a (right part, hereafter 
named S (small) model system). This model system displays 
only a 0.7 deg of relative rotation of graphene with respect to 
SiC. The unit cell size is 17.11Å, only ~1 Å smaller than the 
6!6 unit cell. When a single defect is located in this super-cell, 
the distance between periodic copies is compatible with the 
experimentally observed distance between vacancies. Overall, 
these observations make the S model an attractive alternative 
to the L model, and it was in fact used in our previous work13. 
A great advantage of S model is that its size is ~1/3 with re-
spect to L model, corresponding roughly to one order of mag-
nitude gain in computational speed. This allowed us to make 
extensive and systematic studies of different types of vacan-
cies. Besides the small relative rotation of graphene with re-
spect to SiC, other differences between S and L models are: i) 
graphene is slightly more contracted in the S cell (about 0.4%, 
negligible contraction in the L cell); ii) the S model system 
can host 0 or 1 vacancies per cell, therefore it can reproduce 
only the system with “maximum” or null vacancy concentra-
tion, and the distance between vacancies is fixed by the cell 
periodicity i.e. ~1.7nm; conversely, the L supercell can host 0, 
1, 2 or 3 vacancies, allowing to simulate also lower vacancy 
concentrations and larger vacancy distances. In this work the S 
model is used for extensive calculations, L for selected cases. 
The substrate is modeled with either 2 or 4 SiC layers, to 
properly account for the deep deformation possibly induced by 
larger vacancies (hereafter labeled with an additional 2l and 4l 
suffix). The cubic poly-type 3C-SiC(0001) is used here, while 
a discussion of the substrate structure effects will be reported 
in a forthcoming paper, including also the effects of doping 
simulated by polarizing and charging the system. Here we re-
port simulations in neutral conditions. 
The vacancy models 
S and L models are combined with vacancies of different sizes 
from 1 to 13 missing H atoms, of different shapes and loca-
tions (see Fig 1b). The single H vacancy could be located in 
different relative positions with respect to the graphene lattice. 
Fig 1b reports only the two extreme ones, namely the “hol-
low” (1Hh) and “top” (1Ht). Clearly, as the number of missing 
atoms increases, the possible combinations of top-hollow sites 
increase. Fig 1b reports the combinations here chosen among 
the most “symmetric”. 1H vacancies with all possible relative 
translations appearing in the S cells were additionally consid-
ered as well as several combinations of not subsequent 2H va-
cancies (see also the SI for a full list of studied cases). Some 
non-symmetric conformations were also considered for com-
pleteness. 
Evaluation of vacancy structure and energy 
The structures were first optimized without vacancies. The 
relative rotation of graphene with respect to SiC is determined 
by the chosen model, while the relative translation is initially 
set in such a way that at least one hollow and one top site exist 
in the L model case. In the S model, it is not possible to have 
both exactly top and hollow sites in a single cell, therefore two 
different models are build including an exactly hollow (Sh) 
and top site (St), respectively. The details of structural pa-
rameters are reported in the SI, with a representation of the 
optimized structures. The relaxation returns a basically un-
distorted SiC lattice both for the 2l and 4l models. The sheet 
rippling is negligible (see the SI, section S.3), indicating that 
in absence of H coverage vacancies, the interaction between 
graphene and substrate is very weak, and supporting the defi-
nition of “quasi free standing monolayer graphene” for this 
system. The distances of graphene from H and Si are 
2.650±0.005Å and 4.141±0.004Å, respectively, in line with 
previous DFT calculations15 and about 0.05 Å underestimated 
with respect to experimental structural data14. Considering that 
the experimental data are taken at room temperature, while 
calculations reflect a low temperature situation, this discrepan-
cy is reasonable. The evaluated energy difference between St 
and Sh models is negligible (~0.4meV in favor of Sh).  
Structures with vacancies were obtained extracting H atoms in 
the proper locations and re-optimizing the geometry. We eval-
uated the energies of the vacancies Ev according to the follow-
ing formulas !! ! !!!"# ! !!!! ! !!"## 
Eopt and Efull being the optimized energies of the system with 
vacancy and with full H coverage respectively, EH the energy 
 of isolated H (and n the number of H missing atoms in the va-
cancy). 
 
Fig 1. (a) Illustration of the model systems. On the left, top and 
side views of the L-model, including 338 graphene atoms, 864 
Si/C substrate atoms (i.e. 432 C and 432 Si for the 4 layers model 
or 432 – 213 Si and 231 C – for the 2 layers model), and 108 in-
tercalated H atoms and 108 H terminating the bottom side (total 
1418, or 986, atoms). On the right the S-model, including 98 gra-
phene atoms, 248 (or 124) substrate Si/C atoms and 31+31 H at-
oms, (total 408, or 284, atoms). Supercell vectors are represented 
in blue (length reported). The red and cyan arrows represent the 
directions of the graphene and SiC unit cell vectors (their rotation 
with respect to super-cell parameters is reported). (b) Illustration 
of the type of H vacancies classified according to their size (H 
atoms are represented in orange as enlarged vdW spheres). Si at-
oms are in yellow, C substrate atoms in cyan. The labels indicate 
the number of vacant sites, followed by the number of Si sites lo-
cated in position top or hollow with respect to graphene (repre-
sented in black).  
Calculations Setup 
Calculations are performed with a setup previously tested on 
this kind of systems5. The Rappe-Rabe-Kaxiras-Joannopoulos 
ultrasoft (RRKJUS) pseudopotentials 17  were used with the 
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional18. Van der Waals interactions are added within the semi-
empirical Grimme D2 scheme 19  (PBE-D2 approach). The 
plane wave cutoff energy was set to 30 Ry and the density 
cutoff at 300 Ry (other details of the calculation setup are in 
the SI, section S.2). 
The total density of states (DoS) was evaluated for all cases 
(local DoS in selected cases). Grids generated according to 
Monkhorst and Pack scheme20 were used for integration over 
the Brillouin Zone: a 10!10!121 grid for the S cells and 5x5x1 
for the L cell, in order to uniformly sample the corresponding 
Brillouin zones. Calculations were performed using Quantum 
ESPRESSO22 (QE, version 5.3.0).  
STM images were simulated at different biases, according to 
the Tersoff-Hamann theory23. QE returns a 3D map of the den-
sity of electronic charge integrated within a given energy 
range delimited by the Fermi level and the given voltage bias. 
STM images are then generated either by means of “volumes 
slice” representations of the 3D map, using a horizontal slice 
plane located just above the graphene sheet, emulating con-
stant height images, or color-coding iso-charge surfaces ac-
cording to height, which emulates iso-current images. AFM 
like-images were generated similarly but using the total charge 
density. 
2.2 Experimental methods 
The theoretical results of this work are compared with STM 
images of QFMLG samples. These were prepared with a simi-
lar procedure as described in Ref. [13]: a 4H-SiC(0001) sub-
strate sample was cleaned by annealing in H2 at 33mbar and 
1500 °C for 5 min. A buffer layer was formed by annealing in 
Ar atmosphere at 800 mbar and 1650 °C for 5 min. The sam-
ple was then annealed in H2 at 1013 mbar and at TH= 800 °C 
for 60min for H intercalation, namely at a lower temperature 
than in Ref. [13]. The sample was then mounted in an ultra-
high vacuum chamber with a base pressure of 1!10-10 mbar, 
and characterized by a RHK Technology STM at room tem-
perature in constant-current mode. At variance with Ref. [13], 
however, the sample was annealed at 400°C for 14 hours and 
600°C for 2 min before the STM observation. This sample is 
likely to have a higher number of vacant H sites, than the 
sample studied in Ref. [13], because a lower H intercalation 
temperature results in less complete H coverage12, and because 
of possible further desorption of H during annealing, known to 
starts at 600°C in vacuum24,25. 
3. Results 
3.1 Energetic and structural properties  
Single and double H vacancies energies 
Single H vacancies in top (1Ht) and hollow (1Hh) configura-
tions were evaluated in the Sh-2l and St-2l systems, respec-
tively. The vacancy formation energy is +5.169 eV and +5.182 
eV for the 1Ht and 1Hh vacancies respectively, i.e. unfavora-
ble, but slightly more favorable (~13meV) for the top-type va-
cancy. The dependency of vacancy formation energy on the 
relative translation of the vacant site with respect to graphene 
was systematically studied by extracting H atoms from each of 
the single locations. These data show intermediate energy val-
ues for sites with intermediate translation between top and hol-
low (a “map” of the formation energies is reported in the SI). 
The average value of energies is +5.174 ±0.003eV.  
The double H vacancy energies were evaluated for a large 
number (362) of pairs of 1H vacancies of the Sh-2l model, ei-
ther adjacent or not, and show a dependence both on the kind 
of sites (top/hollow) and on the distance between vacant sites, 
as reported in Fig 2(a) (black dots). On average, the energy is 
lower for nearer vacancies, and reaches double of the single 
vacancy energy already for a distance corresponding to the 
fourth neighbor shell (d~8Å). This indicates a tendency of va-
cancies to dimerize, with an energy gain of up to ~70meV 
when vacancies are in the first neighbor shell with respect to 
the isolated vacancy case. The data corresponding to the first 
neighbor shell indicate that the most favorable conformation is 
2Hth (top-hollow) followed by the 2H2t (two top adjacent 
 sites, 30 meV less stable). All hybrid intermediate configura-
tions are less favored. For larger distances, where the interac-
tion between vacancies is smaller, configurations with preva-
lence of top character are favored as for the isolated vacancies. 
Energies of larger vacancies  
The reported calculations give indications on the possible 
structures of larger vacancies: because th and tt adjacent pairs 
are favored, it is likely that combinations of these will be en-
ergetically favored over others. The vacancy types up to 13H 
built fulfilling this rule are listed in Fig 1b and are those con-
sidered in this work. Fig 2b reports Ev/nv for vacancies of in-
creasing size, nv being the number of vacant sites, evaluated 
with S and L models (black and red dots) and with 2l or 4l 
models (empty and filled dots). Though the general trend as a 
function of the vacancy size is clear, already for relatively 
small vacancies (3-4H), 4l models are systematically more 
stable than 2l models by about 0.1 eV. We impute this to the 
deformation of the substrate produced around the vacancy, 
which extends deeper in the substrate Therefore, 4l models 
should be considered more reliable than 2l ones especially for 
larger vacancies. The comparison between L (red) and S 
(black) models, conversely, does not show relevant differ-
ences, in this range of vacancy sizes.  
The main trend of energy per vacant atom as a function of the 
vacancy size, however, is clear from Fig 2b: energies decrease 
up to the size of ~7H, then appear to rise again towards a plat-
eau, the only outlier being the 3H case with separate single H 
vacancies. This indicates that single vacancies tend to aggre-
gate, which makes the configuration with less but larger va-
cancies more likely than configuration with many single H va-
cancies. The differences in energy for vacancies larger than 
4H are very small (> 10 meV), which makes hopping and ag-
gregation in larger vacancies possible in appropriate environ-
mental conditions. To complete the view we evaluated the 
Ev/nv in the case of complete dehydrogenation (i.e. for the 
buffer layer), which turns out to be ~4.53 eV. This indicate 
that for some critical size – presumably that at which the va-
cancies start to merge within each other – the energy will start 
again to decrease towards the buffer value.  
Structural properties 
In all cases, the sheet displays an inward bending centered 
over the vacancy. Overall, the bending increases as the vacan-
cy size increases, although with a large spread as shown in Fig 
3a, which reports the maximum vertical displacement #h of 
the sheet as a function of vacancy size. We attribute the spread 
to the variability of the vacancy structures (the correlation of 
#h with other possible measurements of the dip – e.g. the local 
inward curvature – is reported in the SI). #h can be correlated 
with AFM measurements, which were used – combined with 
STM data – to associate features observed in our previous 
work13 with vacancies of size 3H or 4H. Fig 3a also reports 
simulated AFM images of selected cases, generated from the 
total charge density from DFT calculations. Due to bending, 
the vacancies are seen as dark spots, whose contrast increases 
with vacancy depth. In the S model, the vacancy density corre-
sponds to the maximum possible, with vacancies located on a 
~6!6 SiC lattice. In the L model with a single vacancy per 
supercell, conversely, they are located on the sites of a 
6"3!6"3 SiC lattice, and the global density is ~1/3 of the pre-
vious case (see top right inset in Fig 3a). 
For 1H or 2H vacancies, the contrast is very small, practically 
undetectable. Larger vacancies are generally deeper and more 
contrasted, although the spread in #h also causes contrast var-
iations within the same size range. In particular, we observe 
that the 13H1h-12t (“star”) vacancy has a larger contrast in the 
S model than in the L model (and correspondingly the #h of 
the L model is sensibly smaller, as visible by red and black 
dots comparison in Fig 3a). We attribute this difference to the 
larger contraction of the sheet in the S cell (0.4%), which fa-
vors the inward bending.  We finally observe that, because the 
sheet tends to smoothen the irregularities of the H vacancy 
boundaries, the AFM images appear basically circular even for 
triangular or star-shaped vacancies. Therefore AFM is not the 
ideal tool to detect the shape of the vacancy: it catches only 
the structural features of the graphene sheet profile, which can 
be roughly described as an elastic membrane pulled down in 
the center of the vacancy. 
 
Fig 2. (a) 2H vacancy energy as a function of the distance d be-
tween vacant sites (black dots). Sample configurations of vacan-
cies are reported. The histogram on the right reports the distribu-
tion of energy values. (b) Vacancy formation energy per vacant 
atom as a function of the vacancy size. Energies are evaluated for 
different models, and represented with different symbols, as ex-
plained in the legend. Selected structures are reported near their 
corresponding points. Lines are guides to the eye. 
 
Fig 3b reports the minimum Si-graphene distance as a func-
tion of the vacancy size. A similar spread as that for #h is ob-
served, enhanced in this case by the fact that the minimum C-
Si distance also depends on the centering of the vacancy (on a 
top or on a hollow graphene site). In spite of this, there is a 
visible trend indicating that the distance decreases from a 
starting value of ~4.2 Å, corresponding to that of the flat sheet 
without vacancy, to ~3.3 Å, less than the vdW distance be-
 tween Si and C (3.8 Å). This indicates that the graphene-Si 
interaction is stronger than a barely physical one, due to the 
presence of dandling bonds, but weaker than a real chemical 
bond, whose length would be ~1.9 Å. The Si-gr distance de-
creases both because the graphene bends and because the Si 
atom tends to protrude towards it. Therefore the global vacan-
cy energy results from a balance between the bending penalty 
and the attraction of Si. Data of Fig 2b shows that the latter 
dominates up to size ~7, then the former starts to compensate 
due to excessive bending of graphene. 
 
Fig 3. (a) Inward bending as a function of vacancy size. The in-
sets report AFM-like images obtained from the total electronic 
charge of the system (charge levels visualized on a plane located 
in proximity of the graphene sheet. The same maximum range of 
grey levels is used for all images). Also reported in each inset is a 
representation of the H coverage layers showing the vacancy 
structure. (b) Graphene-Si minimum distance as a function of the 
vacancy size. Representative structure profiles are reported (for 
the 3H and 7H, vacancy). Same symbol coding as in Fig 2b. 
 
3.2 Electronic properties  
Electronic Density of States 
We evaluated the electronic DoS of the system with vacancies, 
reported in Fig 4a, together with that of single layer isolated 
graphene for comparison (black solid line). Because of the 
substrate, the DoS exceeds that of graphene for energies less 
than -1eV and greater than 1.2 eV with respect to the Dirac 
point, and the excess DoS is linearly increasing with the num-
ber of layers. These energy limits correspond to the top of the 
valence band and the bottom of the conduction band of SiC. 
Therefore in the plot the models with 2l or 4l are easily distin-
guishable, displaying smaller and larger DOS in the SiC bands 
region. In spite of this, however, the $ edges of graphene are 
still generally visible, which helps aligning the Dirac points of 
different structures. 
In the presence of vacancies, localized states appear, manifest-
ing as peaks near the Dirac point, within the band gap of SiC. 
They are better visible in the local DoS (Fig 4b) obtained inte-
grating in the region of space strictly including the vacancy, to 
reduce the contribution of substrate and graphene. Their num-
ber, shape, and location depend on the vacancy type. The 1H 
vacancies display a single peak, located across the Dirac point, 
corresponding to a half-filled state. As the vacancy size in-
creases, the number of localized states increases, but, due to 
symmetry induced degeneracy, they group into two or three 
broader peaks, one still pinned to the Dirac point, the second 
located in the positive energy region (empty), and a third, 
when present, located in the negative region (filled). The ener-
gy of the empty peak increases with vacancy size, though not 
very regularly (see also Fig 4c). In addition, for a given vacan-
cy size (same color lines in Fig 4a) the form of the peak is var-
iable, but depending mainly on the shape of the vacancy rather 
than on its position with respect to graphene lattice. For in-
stance, the three triangular 3H vacancies display practically 
superimposed peaks in spite of their different rotation and 
translation with respect to graphene, and different from the 
elongated and “separated” ones; the star-shaped 13H vacancy 
has the peak shape different from the other two 13H with dif-
ferent form. Therefore: the location of the “empty state” peak 
gives an indication on the size of the vacancy, its shape on the 
vacancy type. This is a generalization of the findings of our 
previous work13 where STS measurements revealed peaks at 
different positive bias, which we associated to 3H and 4H va-
cancies. The alignment of the Dirac points also allows us to 
estimate the doping level, which is irregularly dependent on 
the vacancy type and size, with values in the range 0.07-0.3eV 
(always n-type). 
Dangling bonds and STM like images 
We previously observed13 that, while AFM-like images always 
display a negative contrast in correspondence to the vacancies, 
STM images display a variety of behavior with dark or bright 
contrast, depending on bias voltage. This is because AFM be-
havior follows the global structural profile of the sheet, while 
STM is able to explore selected electronic states, those includ-
ed in the energy range determined by the bias voltage: positive 
voltage selects empty states and negative voltage selects filled 
states. Fig 5 reports in the second column representations of 
empty (orange) and filled (cyan) states for a series of selected 
vacancies with missing H%3  (reported in the first column; the 
other vacancies are reported in the SI). As can be seen, they 
appear as states localized between the SiC and the graphene 
sheet, with lobes protruding upwards (the “dangling bonds”). 
Lobes of the empty states are generally more protruding, filled 
ones generally more intruding into the substrate. In addition, 
the shapes and symmetries of filled and empty states are usual-
ly different: e.g. in the 3H reported vacancy, the filled state 
has two lobes, while the empty one has three; the 7H vacancy 
empty state has hexagonal symmetry, while the filled one has 
 triangular symmetry; the most evident difference in the larger 
vacancies is that the empty state is void of charge in the cen-
ter, while the filled one is not. More complex differences ap-
pear in the un-symmetric vacancies.  
Fig 5 reports STM-like images in columns 3 to 5. We pro-
duced images integrating charge in three different intervals 
including the localized state peaks in all cases: from the Fermi 
level to + and –0.5eV and to +1eV. This allows exploring both 
the structure of the filled and half-filled state pinned to the 
Fermi level, and the structure of the empty state located at 
~1eV. As in the experimental case, the figure shows a variety 
of contrast types. We can interpret them based on the follow-
ing considerations: 
1. The contrast depends on the balance between the sheet 
structural inward bending and the protrusion of the elec-
tronic states: both bending and protrusion increase as the 
vacancy size increases, however, protrusion is stronger for 
the empty states. Therefore positive voltage images are 
brighter and rich in details characterizing the empty states. 
2. Contrast also depends on the iso-current level. Low levels 
show brighter contrast because they explore low charge 
level, and therefore the more protruding part of the dan-
gling bond lobes. 
3. Images at larger bias are generally brighter, but at those 
energies a relevant portion of graphene states contribution 
come again into play. These can be seen at high current, 
where the $ system of graphene is again visible, showing a 
negative contrast, which follows the graphene bending. 
4. The comparison between positive and negative bias imag-
es reveals the difference in shape and symmetry of the 
filled and empty states. We highlight the change from 
“dimer like” to triangular for the 3H vacancy, the change 
from triangular to hexagonal symmetry in the 7H vacancy, 
and the formation of an evident “hole” in the center of the 
13H vacancies in the empty state, which give to the star-
shaped 13H vacancy the typical “flower” shape (last row). 
5. The comparison between images of the same vacancy in S 
and L models reveal similar shape, but with significant dif-
ferences. First the different “concentration”: the 13H 
“flower” vacancy nearly “touch” in the S cell. This indi-
cates that this is probably a limiting size for the vacancies, 
and explains why the “flowers” are rather rare and found 
only isolated: realizing the maximum concentration with 
such large vacancies produces a strong rippling. 
6. The comparison of same vacancies in the cell shows a 
smaller inward deformation of the latter, probably due to 
the larger strain in the L cell, which can cause differences 
in the images, which are evident for instance comparing 
9H1h8t in the two cells. In the large cell, the dark central 
contrast is practically absent. We attribute this to the dif-
ferent strain level: the S cell favors inward bending. 
In summary, the variety of shapes and the contrast dependence 
on voltage/current levels and on local strain already explains 
the variety of observed features in STM experiments. In the 
following section we attempt a more precise assignment based 
on a direct comparison between simulations and experiment.  
 
Fig 4 (a) DOS and (b) local DOS of the system. The DOS of iso-
lated graphene and QFMLG without vacancies are in black (solid 
and dotted line, respectively), the cases with vacancies are in col-
ors as reported in the plot. When not indicated otherwise, calcula-
tions are performed with the S cell with 2l. Only one calculation is 
with the L cell with 4l (for the 13H-1h12l vacancy), and the corre-
sponding line is labeled with 2lSiC L. DoS are aligned to the Di-
rac point. (b) Same as (a), but for local DoS, and for selected cas-
es. Color coding as in (a). Normalization of peaks is not uniform, 
depending on the integration cell used. Some of the peaks are also 
renormalized for better visualization. Peaks are shaded up to the 
Fermi energy. (c) Energy location of the peaks as a function of the 
vacancy size. Empty, filled and half filled states are red, blue and 
green respectively. 
  
 
Fig 5 Localized states and their STM simulated images for selected vacancies of increasing size. The vacancy type is reported in 
the first column. The second column reports a representation of filled (cyan) and empty (orange) states, obtained integrating the 
electronic density in the range [0,-0.5] and  [0,+0.5] eV with respect to the Fermi level and represented as iso-charge surfaces (iso-
value 0.003 in a.u.). Columns 3 to 5 report iso-current images of filled and empty states with integration levels indicated in the 
header, obtained creating iso-charge images at two different charge levels (10-6 a.u. for the low current-like images, left image, and 
10-4 a.u. for the high current-like images, right image). Surfaces are then color-coded according to their z location (bright for pro-
truding). The contrast is adjusted for better visualization.  
  
3.3 Comparison with experimental data 
Fig 6 reports two STM images from the sample described in 
section 2.2. In contrast to our previous experiments [12,13], 
for these measurements the sample was intentionally an-
nealed up to a temperature at which the hydrogen starts to 
desorb, in order to have lower H coverage. Fig 6 reports ex-
perimental STM images in orange (simulated STM images 
are in gray). We first of all observe that the distance between 
tightly grouped vacancies in the experimental image is com-
patible with the maximum density of vacancies realized in 
model S (see panel (a) and panel (b) in Fig 6, generated with 
vacancies 7H and 13H-9H respectively). Rotation of the 
alignment lines of vacancies and distances correspond, and 
the symmetry is roughly compatible with both L and S mod-
el (supercells in white and green superimposed in the left 
image), with no evident preference for one of the two possi-
ble symmetries. 
In other regions of the sample, the vacancy concentration is 
lower. For instance, in the blue circle, vacancies locate on a 
“hexagon” which roughly corresponds to 2/3 of full occupa-
tion (obtainable putting 2 vacancies in L supercell, see panel 
(c)). Interestingly enough, the flower like vacancy is rather 
rare, and mostly observed “isolated”. Our calculation allows 
undoubtedly assigning it to the 13H1h12t star-shaped vacan-
cy (panel (d)), due to its easily recognizable shape. Petals 
point in the armchair directions, aparently with no exception 
and correspond to the location of the six external vacant H. 
We infer that it is found isolated because it is quite large and 
might destructively interact with vacancies of similar size 
when located on a “maximum occupancy” superlattice (as in 
panel (b)). “Incomplete” flowers are more frequent, with 2-
petals (“Mickey Mouse”) or 4-petals (“butterfly”). We assign 
the “butterfly” to 11H1h10t (panel (e)) and some of the more 
irregular ones (including the “Mickey”) to 9H1h8t (panels f, 
f’) and to 10h1h9t (g, g’). In these vacancies, the external 
lobes have six equivalent orientations, which in fact seem to 
appear in different images; in addition, they display large 
variability in the brightness of the lobes. Overall, we obtain a 
good correspondence between the features observed in STM 
and simulation for specific types of vacancies, of size 7H, 
9H, 10H, 11H and 13H. The larger vacancy size observed 
here with respect to our previous work is most probably due 
to the different hydrogenation procedure generating a lower 
H coverage. Indeed, our results indicate that this favors the 
formation of larger vacancies, instead of producing a larger 
number of smaller ones. 
 
 
Fig 6 Comparison between measured and simulated STM images. Measurements are with orange background, taken at bias volt-
age of 1 V and tunneling current of 1 nA; the sizes of the images are 16.4 nm ! 17.6 nm (left) and 20 nm ! 16.5 nm (right). STM 
simulated data are in gray. Panels report portions of the images of Fig. 5, of the following cases: (a) 7H1h6t; (b) 13H1h12t and 
9H1h8t (c) and (d) 13H1h12t (e) 11H1h10t (f, f’) 9H1h8t (g, g’) 101h9t. Images are aligned based on zigzag direction clearly 
visible both in theoretical and experimental data. In the left image the model superlattices are reported as indicated. 
4. Summary and Conclusions 
In our previous report13 we inferred that, considering the lat-
eral size, depth, and contrast dependence on voltage, ob-
served in the vacancies of the sample examined therein, the 
most probable vacancy size was of 3 or 4 missing H. Here, a 
systematic DFT study of vacancies up to 13H size and com-
parison with new STM data, allowed assigning features ob-
 served in STM images to larger vacancies, in the range 7H-
13H. These can be recognized based on their typical shape 
and different contrast. We infer that the formation of larger 
vacancies is due to two circumstances: first the lower H cov-
erage induced by the environmental conditions, second the 
tendency of single H vacant site to aggregate, here clearly 
demonstrated by the behavior of the vacancy formation en-
ergy as a function of the vacancy size. Therefore when H 
coverage is low, the system prefers to form larger vacancies 
than to increase the number of smaller ones.  
It is also observed that vacancies tend to locate on a ~6x6 
SiC lattice, though not everywhere the maximum density is 
realized. The size of vacancies (i.e. number of missing H at-
oms per vacancy) and in some case their precise shape, can 
be inferred from measured STM images. Conversely, we 
found little dependence of the simulated STM images and of 
their energies on the relative translation between the vacancy 
and graphene lattice. At first sight this might seem incompat-
ible with the observation that the vacancies tend to locate on 
a regular lattice. In fact, it is not: the hydrogenation process 
proceeds from the buffer layer, which has its own quasi-6x6 
symmetry, descending from the 6"3!6"3. Therefore it is 
natural that the vacancies, resulting from the last hydrogen-
ated sites, also follow this symmetry, in spite of the relative 
translation of graphene.  
From a methodological point of view, we showed that not 
only the “standard” 6"3!6"3 supercell model is compatible 
with a correct representation of this system, but also the 1/3 
smaller "31!"31 supercell, which allows much faster calcu-
lations. In this, the relative rotation between SiC and gra-
phene is only <1 deg different from the “standard” one, and 
the graphene little contracted. The comparison between theo-
ry and experiment shows that the two model systems give 
very similar results. We can therefore conclude that most 
experimental features discussed in this paper are well de-
scribed already by the small model, at a much lower compu-
tational expense compared to the large model. We remark 
however, that besides the slightly different symmetry, the 
two models generate a different strain of the graphene sheet. 
This results in a slightly different behavior of the STM simu-
lated contrast, especially in the less symmetric vacancies. A 
similar variability is observed indeed in the STM data, which 
might indicate that small local variation of the strain of the 
graphene sheet might occur in the real system. Indeed, a 
number of interesting questions remain to be investigated, 
such as the full hydrogenation/dehydrogenation energy pro-
file in different environmental conditions and the role of the 
buffer and of the local strain in the hydrogenation process. 
These studies are ongoing and will be the matter of a forth-
coming work about the hydrogenation process. 
The electronic properties of this system turn out very inter-
esting. The vacancies display localized states corresponding 
to dangling bonds. With the exception of the (undetectable) 
smallest ones, these group generally in two (or three, for the 
largest ones) energy peaks, one pinned to the Fermi level, 
one in the positive energy region, and therefore empty. The 
empty states are those more easily detected by STM and 
generating characteristic images. The energy location of the-
se states increases with the size of the vacancy. In addition 
the energy separation between the empty states and the filled 
ones is of the order of ~2-3 eV and tunable with vacancy 
size, still located in between the two $ edges of graphene.  
The energy tunability and the possibility of accurately locate 
these states are pre-requisites for their exploitation in devices 
for coherent nano- opto-electronics 
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S.1. List of performed calculations 
A summary of performed calculations in the different model systems is reported in table S.1. The 1H 
structural calculations were performed over all the 31 sites of the two S cells (row 1H 30 sites), while the 
calculations for the 2H couples are 362, chosen with vacancies at different distances (see main text). 
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Table S.1. Tabular summary of the performed calculations. St = S model with translation of type “top” Sh = S model with 
translation of type “top”. The calculations performed in each case are reported: Str opt= structural optimization; DoS= Density 
of states, STM=STM-like calculations (see next sections). In the header a top view of the L model and of the two S models are 
reported. Sites with t and h translations are highlighted with circles. 
 
 
 
 
 
S.2. Details of calculations  
S.2.1 Local DoS 
In addition to the DOS, also the local DOS (LDOS) was calculated, using different space boxes centered 
on a vacancy. Quantum ESPRESSO requires that the box sides are parallel to the cell axes, so each box is 
a prism with rhomboidal base (see Figure 3). Two different box basis in the xy plane were chosen: the 
first one, designed for the 1H vacancy, has a length of 2.38 Å and an height of 2.28 Å (small box, see fig 
S1), while the second, designed for the 7H, has a length of 9.51 Å and an height of 8.56 Å (large box). 
The z dimension was varied depending on the number of atomic layers that we wanted to include in the 
box.  
  
 
Fig S.1. LDOS calculation box shape in red (small box is reported). Each side of the box must be parallel to a cell 
vector.  
 
S.2.2 Measure of curvature 
The local curvature is measured through the out of plane pseudo dihedral defined as shown in Fig S.2 a. 
For all cases, this angle is measured locally on the vacancy (!l) and its root mean squared deviation over 
all structure ("!l2), which is a measure of globar rippling. A third measure of the deformation due to the 
vacancy is the total vertical deformation #h (i.e. maximum-minimum vertical displacement of C atoms of 
the graphene sheet). A correlation plot of the three measures of deformation is reported in Fig S2.  
 
 
 
(a) (b) 
 
Fig S.2. (a) Illustration of the out of plane ! dihedral around for a given C atom, as the improper dihedral between the 
sites connected by the green lines and definition of the distance !, the bond length parameter l. A sketch of the tangent 
sphere is reported in orange.  (b) correlation plot of the local (red) and global (red) dihedral angle with the vertical 
displacement. Empty and filled dots correspond to 4l and 2l models respectively 
S.2.3 Other details 
Gaussian smearing is set at 0.01 Ryd in all calculations. The convergence threshold for self-consistency 
was set to 10-8. The BFGS quasi-Newton algorithm was used for structural optimizations1, with standard 
convergence criteria, i.e. 10-3 a.u. for the forces and 10-4 a.u. for the energy. Structural optimization were 
performed with ! only sampling of the Brillouin zone. 
 
S.3. Additional results 
 
S.3.1 Optimized structures with full coverage 
Side views of the St-2l, Sh-2l and Sh-4l models are reported in Fig S.2 (top views are in Table S.1).   
 
 
 
 
Fig S.2.  From top to bottom: Side views of the optimized St-2l Sh-2l, Sh-4l, L-2l and L-4l with bond lengths 
reported.  The average sheet bending is negligible ( !! !!!!"#!40,@2 
 
S.3.2 Energies and some structural parameters 
The formula for the evaluation of the vacancy energy is already reported in the main text.  We remark 
however, that we can take advantage of the calculation procedure to separate the energy vacancy in a 
mechanical and a “chemical part”. In fact, vacancies are generated from the QFSMLG by extracting 
single H atoms from the saturating layer, and subsequently optimizing. Therefore we also have the energy 
of the structure before optimization E*, which is “purely chemical” as opposed to the final one where 
there is a gain for relaxation. Therefore one can write 
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The numerical values of these energies (and of their 
value per unit atom) are in Table S.2. Interestingly 
enough, Echem/n are much less variable than Ev/n as a 
function of the vacancy size assuming the values 
~5.18 and ~5.12 for basically all the 2l and 4l 
models, respectively. Therefore, the variation of the 
“mechanical” energy per vacancies follows the 
same trend of the Ev/n displaying a decrease and a 
minimum at n~7 (see fig. S.3). Table S2 also reports 
other structural parameters, which are plotted in Fig 
3 in the main text. 
Figure S.4 reports a color map of the single 
vacancy formation energy for the S models (31 
values for each): bright values 
correspond to lower energy values, dark to higher 
energy values. i.e. the vacancy can appear more 
easily on the bright sites. We remark that these 
energies are with respect to “atomized” hydrogen, 
i.e. the removed atom is in atomic form. This 
explains the high values of Echem/n and Ev/n. There 
are other possible reference level: e.g. using as reference the molecular hydrogen, all energies would 
decrease of a value corresponding to half the binding energy of H2; alternatively, one could consider as 
reference energy that of the buffer layer, which would imply a subtracting offset of ~4.53 eV, 
corresponding to the energy per vacant site in case of full dehydrogenation. All of these alternative 
representations are rigid offsets: the relative energies per vacant site remain unchanged, as far as their 
behavior as a function of the vacancy size. 
 
(a)    (b)  
Fig 4. (a) Mapping of the energy formation of 1H vacancies (model Sh-l2) onto the H layer (represented as 
enlarged vdW spheres). Color coding: black=+5.182 eV, white =+5.169 eV, shades of gray: intermediate values 
in linear scale. The graphene lattice (a single supercell) is superimposed to show the relative translation with the 
underneath H layer. (b) Same but with model St-2l.  
 
  
 
 
Fig S.3. Chemical (bottom) and mechanical (top) energy per 
missing atom. The legend for symbols is within the plot. 
 
Mod/vac Evac (eV) Echem (eV) Estr (eV) Si-Cvac (Å) 〈!"2〉  
(deg) 
#h (Å) 
St-2l 
1Ht 
5.1694 
5.1728 
 
5.1827 -0.0133 
-0.00985 
4.165 
4.037 
0.0969 
0.2877 
0.0190 
0.1337 
Sh-2l 1Hh 
 
 
Avg (over all sites) 
5.1823 
5.1861 
 
5.174±0.003 
5.1943 -0.0120 
-0.00820 
4.40 
4.34 
0.0909 
0.1841 
0.0114 
0.0845 
L-2l 1Hh 5.1574 5.1910 -0.03355 4.41 0.08386 0.024 
St-2l 2Htt 
avg 
10.305912=2$5.153 
10.32 =2$5.16 
10.36904=2$5.1845 -0.06313 
 
4.14  0.2036 0.0568 
Sh-2l 2Hht 10.2724=2$5.1362 10.3806=2$5.1903 -0.10822 4.12 0.2134  
Sh-2l 3H1h2t 15.3548=3$5.1183 15.5709=3$5.1903 -0.21614 3.93  0.3143 0.046 
Sh-4l 3H 1h2t 15.1565=3$5.0522 15.3973=3$5.1324 -0.24081 3.97  0.2757  
St-2l 3H2h1t 15.3720=3$5.1240 15.5732=3$5.1911 -0.20111 4.19  0.20001  
St-3Ht-2l 15.6921=3$5.2307 15.5487=3$5.1829 0.14336 4.07 0.346 0.1484 
Sx 3H C centered top 15.3521=3$5.1174 15.5658=3$5.1886 -0.21367 3.97  0.3386 0.1567 
Sx 3H C centered hollow 15.3600=3$5.1200 15.5724=3$5.1908 -0.21239 3.99  0.3668  
Sh-2l 4H1h3t 20.4632=4$5.1158 20.7512=4$5.1878 -0.28799 4.06  0.1611  
St-2l 4H3h1t 20.4731=4$5.1183 20.7699=4$5.1925 -0.29683 4.25  0.1726  
St-2l 4Ht 20.4179=4$5.1045 20.7398=4$5.1850 -0.32194 3.93 0.7706 0.3950 
L-2l 4Ht 20.3939=4$5.0985 20.7210=4$5.1803 -0.32714    
L-4l 4Ht 20.1725=4$5.0431 20.4806=4$5.1201 -0.30803    
Sh-4l 6Ht 30.0424=6$5.0071 30.7406=6$5.1234 -0.69820    
Sh-2l 7H1h6t 35.2106=7$5.0301   4.25 1.0051 0.4975 
Sh-2l 7H1h6t 
(frozen layer) 
35.3846=7$5.0549 
35.5858=7"5.0837 
36.2880=7$5.1840 -0.90343 3.81 1.0166 0.4904 
Sh-4l 7H1h6t 34.9278=7$4.9897 35.8617=7$5.1231 -0.93381 3.83 1.0256 0.4953 
St2l 7H3h4t 35.3040=7$5.0434   4.1 0.8508 0.4436 
St2l 7H3h4t 
(frozen layer) 
35.4121=7$5.0589 
35.3932=7"5.0562 
36.3066=7$5.1867 -0.89447 4.04 0.6229 0.2916 
St4l 7H3h4t 34.9683=7$4.9955 35.8822=7$5.1260 -0.91391 3.70  0.4118  
Sh-4l 9H1h8t 45.1954=9$5.0217 46.0980=9$5.1220 -0.90262 3.65 1.1871  
L-4l 9H1h8t 45.0695=9$5.0077 46.0192=9$5.1132 -0.94969    
Sh-4l 9H1h8t meta 45.0549=9$5.0061 46.1045=9$5.1223 -1.04967    
Sh-4l 9H3h6t 45.1646=9$5.0183 46.1037=9$5.1126 -0.93912 3.72  0.7450  
St-4l 9H3h6t 45.0959=9$5.0107 46.1070=9$5.1230 -1.01106 3.51  1.5187  
Sh-4l 10H1h9t 50.0828=10$5.0083 51.2133=10$5.1213 -1.13055    
Sh-4l 11H1h10t 55.1338=11$5.0122 56.3276=11$5.1207 -1.19379  1.2001  
L-4l 11H1h10t 55.0987=11$5.0090 56.2330=11$5.1121 -1.13432    
Sh-4l 13H1h12t 65.2068=13$5.0159 66.5497=13$5.1192 -1.34284  1.3027  
L-4l 13H1h12t 65.1573=13$5.0121 66.4425=13$5.1110 -1.28525  0.3464  
Sh-4l-13H7h6t 65.0541=13$5.0042 66.5865=13$5.1220 -1.53241 3.74 1.7151 0.7926 
St-4l-13H3h10t 65.0206=13$5.0016 66.4651=13$5.1127 -1.44448 3.76 1.3027 0.6266 
 Table S.2 Structural parameters of the optimized structures with vacancies. The distance Si-Cvac is evaluated in the center of 
the vacancy for the “top” case, or in the central hexagon in the “hollow” case. %vac is the out of plane dihedral evaluated 
using the central vertex in the “top” case or the 6 central vertices in the “hollow” cases. #h is the maximum vertical 
displacement of the graphene sheet, a measure of its deformation. 
 
 
 
 
 
 
  
S.3.3 STM – like images 
STM-like images for vacancies not reported in the main text are reported in Table S.3. Besides the iso-
current images generated with the same protocol as that described in Fig 5 in the main text, here samples 
of STM-like images at fixed height are also reported for comparison in selected cases, generated placing a 
plane near the graphene surface and color-coding it according to the local density value. This was done 
only for the empty state (at +1eV).  
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